1. Introduction {#sec1-pharmaceutics-10-00245}
===============

Polymeric micelles have attracted considerable interest for controlled drug delivery over the last few years, due to their unique properties and behaviors resulting from their small size and high load capacity \[[@B1-pharmaceutics-10-00245]\]. These nanostructured materials show potential to deliver chemotherapeutics to tumor cells maintaining their concentration at the desired site for a sufficient time to have a therapeutic effect, increasing the efficacy of treatment and reducing the toxicity \[[@B2-pharmaceutics-10-00245]\].

Curcumin (CUR) is a naturally occurring phytochemical that has been widely used as a therapeutic agent against a variety of cancers \[[@B3-pharmaceutics-10-00245],[@B4-pharmaceutics-10-00245],[@B5-pharmaceutics-10-00245],[@B6-pharmaceutics-10-00245],[@B7-pharmaceutics-10-00245],[@B8-pharmaceutics-10-00245]\]. In particular, CUR is a cheap compound (especially when compared with popular anticancer agents like paclitaxel and camptothecin) and has properties in antioxidant, anti-inflammatory, antimicrobial, anticancer, anticarcinogenic, chemopreventive, chemotherapeutic, and chemosensitizing activities \[[@B9-pharmaceutics-10-00245],[@B10-pharmaceutics-10-00245]\]. Although CUR possesses remarkable medicinal properties, its bioavailability during cancer treatments is limited due to its low solubility and poor stability in aqueous solution. Other than its rapid degradation in physiological conditions, however, there is a wide interest in the development of systems to solve problems related to the limitations of the applicability of CUR as a therapeutic agent \[[@B4-pharmaceutics-10-00245],[@B5-pharmaceutics-10-00245],[@B6-pharmaceutics-10-00245],[@B7-pharmaceutics-10-00245],[@B11-pharmaceutics-10-00245]\]. To enhance solubility, stability, pharmacokinetics profile of curcumin and thus its therapeutic efficiency, various drug delivery systems have been investigated, including nanoemulsions, nanosuspensions, and polymeric micelles \[[@B11-pharmaceutics-10-00245],[@B12-pharmaceutics-10-00245]\].

In recent years, drug delivery systems based on polymeric micelles have been the subject of research. Several formulations are undergoing clinical trials due to the ability of the micelles to encapsulate hydrophobic and hydrophilic drugs \[[@B13-pharmaceutics-10-00245],[@B14-pharmaceutics-10-00245],[@B15-pharmaceutics-10-00245]\]. In addition, these systems have shown greater physical stability and encapsulation efficiency, when compared to liposomes \[[@B16-pharmaceutics-10-00245],[@B17-pharmaceutics-10-00245],[@B18-pharmaceutics-10-00245],[@B19-pharmaceutics-10-00245],[@B20-pharmaceutics-10-00245]\]. Shell/core polymeric micelles, in particular, exhibit advantages regarding encapsulation and controlled release of drugs since their hydrophobic nuclei promote the solubilization of hydrophobic actives, avoiding drug degradation. On the other hand, hydrophilic outer shells avoid recognition by the immune system, prolonging the circulation time of the drug in the body \[[@B21-pharmaceutics-10-00245],[@B22-pharmaceutics-10-00245]\].

Lately, micelles formulations based on chitosan have presented promising results in the drug delivery field \[[@B23-pharmaceutics-10-00245],[@B24-pharmaceutics-10-00245],[@B25-pharmaceutics-10-00245],[@B26-pharmaceutics-10-00245],[@B27-pharmaceutics-10-00245],[@B28-pharmaceutics-10-00245]\]. This cationic biopolymer exhibits biological activities, such as biocompatibility, biodegradability, mucoadhesiveness, and antimicrobial activity, in addition to presenting antioxidant properties \[[@B29-pharmaceutics-10-00245],[@B30-pharmaceutics-10-00245],[@B31-pharmaceutics-10-00245]\]. Chitosan has present in its backbone reactive groups (--OH and --NH~2~) that make it susceptible to chemical modifications. Various derivatives of chitosan are obtained via the addition of hydrophobic groups with different degrees of substitution (DS). In particular, chitosan modified with stearic acid (DS = 4.96%) \[[@B32-pharmaceutics-10-00245]\] and linoleic acid (DS = 1.8%) \[[@B33-pharmaceutics-10-00245]\] exhibit self-assembly and loading abilities, which improve the solubility of hydrophobic drugs \[[@B34-pharmaceutics-10-00245],[@B35-pharmaceutics-10-00245]\]. However, the addition of a small portion of hydrophobic units makes chitosan extremely insoluble in neutral medium, leading to a low loading capacity of the micelles for non-ionic hydrophobic drugs \[[@B34-pharmaceutics-10-00245],[@B36-pharmaceutics-10-00245]\].

Previous studies with the structural modification of chitosan via an *O*-acylation reaction with myristoyl chloride showed excellent capacity for encapsulation and solubilization of hydrophobic drugs, such as paclitaxel \[[@B37-pharmaceutics-10-00245]\]. This is due to the affinity of the acyl chains within the drug. However, because such a derivative exhibited a low degree of substitution (DS = 6.8%), the characteristics of the starting chitosan have been maintained, and its limited solubility at a neutral pH has hindered its application. Thus, the limitations resulting from the modification of chitosan with myristoyl chloride via an *O*-substitution reaction can be solved by carrying out a further chemical modification.

The introduction of hydrophilic and hydrophobic groups has shown excellent results in the encapsulation of hydrophobic drugs, such as paclitaxel and doxorubicin. In this sense, different amphiphilic derivatives of chitosan have been synthesized, such as *N*-octyl-*N*, *O*-carboxymethylchitosan \[[@B18-pharmaceutics-10-00245]\], colic acid grafted *N*-(2,3-(dihydroxypropyl) chitosan \[[@B38-pharmaceutics-10-00245]\], chitosan-*g*-polylactic \[[@B39-pharmaceutics-10-00245]\], *N*-octyl-*N*-trimethylchitosan \[[@B40-pharmaceutics-10-00245]\], *N*-propyl-*N*-methylenephosphonic chitosan \[[@B41-pharmaceutics-10-00245]\], *N*-naphthyl-*N*, *O*-succinylchitosan \[[@B42-pharmaceutics-10-00245]\]. In all of these studies, amphiphilic derivatives of chitosan are suggested to be promising efficient carriers for hydrophobic drugs, especially when compared to hydrophobically modified chitosan.

This work aims to develop a new amphiphilic derivative of chitosan via *O*-acylation and quaternization reactions in chitosan ([Scheme 1](#pharmaceutics-10-00245-sch001){ref-type="scheme"}), since the first step (*O*-acylation) has already been conducted with excellent results for anticancer drug delivery \[[@B37-pharmaceutics-10-00245]\]. Studies showed that the synthesis of quaternized chitosan via *N*-substitution by reacting it with *N*-(2-hydroxyl) propyl-3-trimethyl ammonium chloride presented properties of interest, such as water solubility, antibacterial activity, mucoadhesiveness, increased permeability to hydration, and strong stereochemical hindrance of quaternary amine groups \[[@B43-pharmaceutics-10-00245],[@B44-pharmaceutics-10-00245],[@B45-pharmaceutics-10-00245]\].

In this study, an amphiphilic derivative of chitosan containing quaternary ammonium and myristoyl goups was prepared and its ability to form self-assembled micelles with ability to encapsulate curcumin was explored. The efficiency of the structural modification was evaluated by FTIR and ^1^H nuclear magnetic resonance (NMR) spectroscopy and conductometric titration. The physical-chemical characteristics such as average size, zeta potential, drug loading efficiency, and critical aggregation concentration (CAC) were determined. The in vitro cytotoxicity was evaluated using Caco-2 (clone C2BBe1) and HT29-MTX cell lines, as well as the in vitro intestinal permeability.

2. Materials and Methods {#sec2-pharmaceutics-10-00245}
========================

2.1. Materials {#sec2dot1-pharmaceutics-10-00245}
--------------

Chitosan acquired from a commercial supplier (Cheng Yue Plating Co. Ltd.; Pequim, China) was purified according to Santos et al. \[[@B46-pharmaceutics-10-00245]\], and then dried at 30 °C. The average degree of acetylation ($\overline{DA}$) of chitosan was 5%, as determined by the ^1^H NMR analysis. The viscosity average molecular weight ($\overline{Mv}$) of chitosan was calculated from its intrinsic viscosity, which was determined in 0.3 mol L^−1^ acetic acid/0.2 mol L^−1^ sodium acetate buffer (pH 4.5) at 25.00 ± 0.01 °C, by using the Mark-Houwink-Sakurada equation, resulting in $\overline{Mv}$ ≈ 87.000 g mol^−1^ \[[@B46-pharmaceutics-10-00245],[@B47-pharmaceutics-10-00245]\]. Glycidyltrimethylammonium chloride (GTMAC) was acquired from Sigma-Aldrich (Saint Louis, MO, USA). All other reagents and solvents were used as acquired, i.e., without any purification.

2.2. Synthesis of 3,6-O,O'-Myristoyl Chitosan {#sec2dot2-pharmaceutics-10-00245}
---------------------------------------------

The synthesis of 3,6-*O*,*O*′-myristoyl chitosan (DMCh) was realized by adding 1 g of chitosan in 25 mL of methanesulfonic acid (MeSO~3~H). In addition, an amount of myristoyl chloride was added in order to generate an excess of chitosan (≈13.3). After 1 h of reaction, the product was (i) neutralized with 5% (*w*/*v*) aqueous sodium bicarbonate solution, (ii) centrifugated, (iii) extensively washed with distilled water, (iv) purified in Soxhlet, and finally, (v) dried in a vacuum oven at room temperature. This procedure can be found in detail in a previous work \[[@B37-pharmaceutics-10-00245]\].

2.3. Synthesis of N-(2-Hydroxy)-Propyl-3-Trimethylammonium Chitosan Chloride {#sec2dot3-pharmaceutics-10-00245}
----------------------------------------------------------------------------

The reaction of glycidyltrimethylammonium chloride (GTMAC) and DMCh in an acid medium was carried out as described in the literature \[[@B46-pharmaceutics-10-00245]\] to result in *N*-(2-hydroxy)-propyl-3-trimethylammonium,*O*-mysristoyl chitosan chloride. Briefly, 1 g of DMCh was dissolved in 60 mL of acetic acid 1% (*v*/*v*), until complete dissolution. An aqueous solution of GTMAC was added dropwise to the DMCh solubilized; the reaction mixture was then stirred in a glycerin bath for 8 h, under constant stirring at 80 °C. Following, excess acetone was added to the reaction medium to result in the precipitation of the product, which was filtered. Finally, the solid was purified by extraction with acetone in Soxhlet during 6 h and dried in a vacuum oven (30 °C), obtaining as final product the DMCat polymer.

2.4. Preparation of CUR-Loaded DMCh and DMCat Micelles {#sec2dot4-pharmaceutics-10-00245}
------------------------------------------------------

Both CUR-loaded DMCh and DMCat micelles were prepared by following the steps described in earlier works \[[@B37-pharmaceutics-10-00245],[@B48-pharmaceutics-10-00245],[@B49-pharmaceutics-10-00245]\]. In essence, DMCh is dissolved in acetic acid 0.1% while DMCat is dissolved in deionized water. CUR was dissolved in acetone (1 mg/mL). Next, aliquots containing 50, 100 and 150 μg of CUR were added in the different polymer solutions (DMCh and DMCat). Then, the solutions are magnetically stirred at 300 rpm for 2 h (room temperature) and freeze-dried. Finally, the CUR-loaded micelles are resuspended and separated by centrifugation at 5000 rpm for 10 min.

2.5. Characterization {#sec2dot5-pharmaceutics-10-00245}
---------------------

### 2.5.1. Fourier-Transform Infrared Spectroscopy (FTIR) {#sec2dot5dot1-pharmaceutics-10-00245}

FTIR was performed on an IRAffinity Shimadzu spectrometer (Shimadzu Scientific Instruments, Columbia, MD, USA) in a 4000--400 cm^−1^ wavelength range, with an accumulation of 32 scans and resolution of 4 cm^−1^. In order to prepare the pellets, the sample and KBr were dried at 60 °C for 8 h and mixed in a ratio of 1:100 (sample:KBr).

### 2.5.2. ^1^H NMR Spectroscopy {#sec2dot5dot2-pharmaceutics-10-00245}

A Bruker AVANCE III spectrophotometer 400 MHz (Bruker, Billerica, MA, EUA) was used to obtain ^1^H NMR spectra, aiming the samples' characterization. Basically, the Equations (1)--(3) are used to determine the average degree of acetylation of chitosan ($\overline{DA}$) (\[[@B50-pharmaceutics-10-00245],[@B51-pharmaceutics-10-00245]\]), degree of substitution ($\overline{DS}$) of the derivative 3,6-*O*,*O'*-myristoyl chitosan (\[[@B37-pharmaceutics-10-00245]\]) and degree of quaternization ($\overline{DQ}$) of the derivative *N*-(2-hydroxy)-propyl-3-trimethylammonium, *O*-mysristoyl chitosan (\[[@B46-pharmaceutics-10-00245]\]), respectively. In other words, $\overline{DA}$, $\overline{DS}$, and $\overline{DQ}$ refers to the amount of acetylated units present in chitosan, as well as both the myristoyl groups added to chitosan and the quaternary groups present in derivative *N*-(2-hydroxy)-propyl-3-trimethylammonium,*O*-mysristoyl chitosan. $$\overline{DA}(\%) = \left( \frac{\frac{A_{CH_{3}}}{3}}{\frac{A_{H_{2} - H_{6}}}{6}} \right) \ast 100\ $$

*A~CH~*~3~ = area of the methyl hydrogens of the acetamido group (of GlcNAc units);

*A~H~*~2--*H*6~ = area of hydrogens bonded to the C (2--6) carbon of the glycopyranose ring. $$\overline{DS}(\%) = \left( \frac{\frac{A_{Me}}{3}}{\frac{A_{H_{2} - H_{6}}}{6}} \right) \ast 100\ $$

*A~Me~* = area of the methyl hydrogens of the myristoyl group;

*A~H~*~2--*H*6~ = area of hydrogens bonded to the C (2--6) carbon of the glycopyranose ring. $$\overline{DQ}\left( \% \right)\  = \frac{IH1\prime}{IH1^{\prime} + IH1}~ \cdot 100\ $$

*I~H~*~1′~= the integral of the signal due to the anomeric hydrogen bonded to *N*-substituted GlcN (units);

*I~H~*~1~ = is the integral of the signal due to the anomeric units hydrogen bonded to unsubstituted GlcN (units).

### 2.5.3. Conductometric Titration {#sec2dot5dot3-pharmaceutics-10-00245}

The $\overline{DQ}$ of DMcat samples were also determined by dosing the counter-ions Cl^−^ through titration with standardized 0.017 mol L^−1^ aqueous AgNO~3~ solution. Thus, the quaternized derivative (0.1 g) was dissolved in deionized water (100 mL) and the conductivity of the solution was measured at 25.00 ± 0.01 °C as a function of the added volume of aqueous AgNO~3~ by using a Handylab LF1 conductivimeter (SI Analytics, Mainz, Germany). The value of $\overline{DQ}$ of samples was calculated from the titration curves according to \[[@B46-pharmaceutics-10-00245]\].

### 2.5.4. Critical Aggregation Concentration (CAC) {#sec2dot5dot4-pharmaceutics-10-00245}

The conductivity method was performed to determine the CAC by using a Consort C863 conductivity meter. In order to prepare the samples, different polymer concentrations were utilized (1 × 10^−6^ mg/mL ≤ *C*p ≤ 1 mg/mL). The DMCh sample was solubilized in acid medium due to its limited solubility in neutral medium, while deionized water was used to dissolve DMCat.

### 2.5.5. Particle Size and Surface Charge {#sec2dot5dot5-pharmaceutics-10-00245}

The average size, polydispersity, and zeta potential of DMCh (in acid medium) and DMCat (in water) micelles were determined using dynamic light scattering (DLS) measurements (ZetaSizer Nano ZS, Malvern, UK). Three replicates of each formulation were produced and analyzed.

### 2.5.6. Drug Encapsulation Efficiency {#sec2dot5dot6-pharmaceutics-10-00245}

The drug encapsulation efficiency (EE%) was quantified by measuring the absorbance of the CUR solution at 340 nm using a UV-Vis spectrophotometer \[[@B3-pharmaceutics-10-00245],[@B7-pharmaceutics-10-00245]\]. The measurements were performed by an indirect method in triplicate, in which the unencapsulated drug was solubilized in acetone and quantified. The amount of CUR loaded into the DMCh and DMCat micelles was determined according to Equation (4):$$\ {EE}\% = \frac{\left( {{CUR}_{total} - {CUR}_{free}} \right)}{{CUR}_{total}} \times 100\ $$

2.6. In Vitro Studies {#sec2dot6-pharmaceutics-10-00245}
---------------------

### 2.6.1. Cell Culturing Reagents {#sec2dot6dot1-pharmaceutics-10-00245}

Caco-2 cells (clone C2BBe1) were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA) and HT29-MTX cell line was kindly provided by Dr. T. Lesuffleur (INSERMU178, Villejuif, France). Dulbecco's Modified Eagle Medium (DMEM, Lonza, Basel, Switzerland), supplemented with 10% (*v*/*v*) fetal bovine serum (FBS, Merck Millipore, USA), 1% (*v*/*v*) penicillin (100 UI/mL, Merck Millipore), streptomycin (100 μg/mL, Merck Millipore), and 1% (*v*/*v*) nonessential amino acids (NEAA, Merck Millipore). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO) and Triton X-100 were obtained from Sigma Aldrich.

### 2.6.2. Cytotoxicity Assay {#sec2dot6dot2-pharmaceutics-10-00245}

The cytotoxicity of CUR-loaded micelles and free CUR was assessed in Caco-2 and HT29-MTX cell lines, using the MTT reagent. Cells were seeded (200 μL) into 96-well plates at a density of 1 × 10^4^ cells/well for HT29-MTX cell line and 2 × 10^4^ cells/well for Caco-2 and then incubated during 24 h in a Binder^®^ incubator at 37 °C with a humidified atmosphere and 5% CO~2~ to reach exponential growth prior to the assay test. On the following day, the medium was removed and the cells were washed twice with 200 μL of phosphate buffered saline (PBS). Next, the cells were treated with free CUR and CUR-loaded and unloaded micelles at the concentrations of 5, 10, 20, and 50 μg/mL. The negative control, which were cells treated with cell culture medium and positive control and treated with 1% (*w*/*v*) Triton X-100 in DMEM \[[@B52-pharmaceutics-10-00245]\]. The cultured cells were incubated for 4 h in the presence of different concentrations of the referred samples. After this period, the wells were washed twice with PBS at 37 °C and 200 μL of the MTT reagent (0.5 mg/mL in cell culture medium) was added to each well, followed by an incubation period of 4 h. After, the MTT was removed and 200 μL of DMSO was added to each well to dissolve the formazan crystals. The plates were shaken for 10 min inside the microplate reader before the relative color intensity has been measured at 570 nm and taking the absorbance at 630 nm as a reference, by using a microplate reader (Synergy 2, Biotek Instruments Ltd., Winooski, VT, USA). The percentage of cell viability was calculated according to the Equation (5):$$\ {Cell}\ {viability}\ \left( \% \right) = \frac{{experimental}\ {value} - {negative}\ {control}}{{positive}\ {control} - {negative}\ {control}} \times 100\ $$

### 2.6.3. Permeability Studies {#sec2dot6dot3-pharmaceutics-10-00245}

Monoculture model of Caco-2 cells and triple co-culture model of Caco-2/HT29-MTX:Raji B cells were seeded on 6-well Transwell^TM^ cell culture inserts (transparent PET, 3 μm pore size, 4.67 cm^2^, Corning Life Sciences, New York, NY, USA), according to Araújo. F \[[@B53-pharmaceutics-10-00245],[@B54-pharmaceutics-10-00245]\]. The cell lines were seeded on the apical compartment at a density of 1 × 10^5^ cells/cm^2^. In the case of the triple co-culture model, Caco-2 and HT29-MTX were seeded at the proportion 90:10 and at the 14th day of culture, Raji B cells were added to the basolateral compartment in a density of 1 × 10^5^ cells/cm^2^. Cells were grown for 21 days until reaching confluency and the medium was changed every 2 days.

Before permeability experiments, cells were washed twice with pre-warmed Hank's buffered salt solution (HBSS) and then replaced with new HBSS and allowed to equilibrate for 30 min at 37 °C at 100 rpm. Permeability studies of CUR-loaded micelles and free CUR (20 μg/mL) were run at similar conditions during 3 h and samples were collected at different time (15, 30, 60, 90, 120, and 180 min). Each sample was taken from the basolateral side of the Transwell^TM^ cell culture insert, which contained 1% (*v*/*v*) DMSO in HBSS in order to maintain the sink conditions. The same volume of pre-warmed 1% (*v*/*v*) DMSO in HBSS was added to replace the withdrawn volume. The cell monolayers integrity was measured at the during 21 days of growth and during the experiment, using an epithelial voltohmmeter EVOM^2®^ with chopstick electrodes (World Precision Instruments, Sarasota, FL, USA). The transepithelial electrical resistance (TEER) values, expressed in percentage, were normalized in function of the TEER value after equilibrium. All experiments were performed in triplicate and the CUR was quantified by measuring the absorbance at 340 nm as referred previously.

2.7. Statistical Analysis {#sec2dot7-pharmaceutics-10-00245}
-------------------------

The experiments were performed in triplicate and are represented as mean ± standard deviation (SD). A two-way ANOVA with Bonferroni multiple/post hoc group comparisons was used to analyze the cytotoxicity and permeability data. GraphPadPrism software (GraphPad Software, San Diego, CA, USA) was used and the level of significance was set at probabilities of \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001 and \*\*\*\* *p* \< 0.0001.

3. Results and Discussion {#sec3-pharmaceutics-10-00245}
=========================

3.1. Spectroscopic Characterizatio {#sec3dot1-pharmaceutics-10-00245}
----------------------------------

The infrared spectra of chitosan, DMCh, and DMCat derivatives ([Figure 1](#pharmaceutics-10-00245-f001){ref-type="fig"}) were characterized by an intense and broad band centered at 3434 cm^−1^, associated to the axial stretching of hydroxyl and amine groups; a band at 2915 cm^−1^ corresponding to stretching vibration of CH; the bands at 1654 and 1600 cm^−1^ assigned to the C=O stretching and N--H bending, respectively \[[@B55-pharmaceutics-10-00245]\]. The spectrum of DMCh ([Figure 1](#pharmaceutics-10-00245-f001){ref-type="fig"}B) also exhibits a weak band centered at 1732 cm^−1^, due to axial deformation of carbonyl ester that is related to the *O*-acylation of chitosan \[[@B37-pharmaceutics-10-00245]\]. In the spectrum of DMCat, a new band is observed at 1483 cm^−1^, which is attributed to the CH bending of ^+^N(CH~3~)~3~ group \[[@B56-pharmaceutics-10-00245]\]. Additionally, the band corresponding to the primary amine observed at 1600 cm^−1^ in the spectrum of chitosan and DMCh is less intense in the spectrum of DMCat and it is shifted to lower wavenumber while that band observed at 1654 cm^−1^ is more intense in the spectra of DMCat, which confirms that the primary amine group of GlcN units of DMCh has been modified to secondary amine group as a consequence of the reaction with GTMAC \[[@B46-pharmaceutics-10-00245],[@B57-pharmaceutics-10-00245]\].

The comparison of the ^1^H NMR of chitosan ([Figure 2](#pharmaceutics-10-00245-f002){ref-type="fig"}A), DMCh ([Figure 2](#pharmaceutics-10-00245-f002){ref-type="fig"}B), and DMCat ([Figure 2](#pharmaceutics-10-00245-f002){ref-type="fig"}C) provide additional evidences for the structural modifications resulting of *O*-acylation of chitosan and the quaternization of DMCh. The ^1^H NMR spectrum of chitosan exhibited singlets at 2.0 ppm and 3.2 ppm characteristics of methyl hydrogens of GlcNAc units and to the hydrogen bonded to C2 of GlcN units, respectively. The set of signals in the range of 3.3--4.0 ppm is attributed to the hydrogens H3--H6 from GlcN unit and the hydrogen bonded to C2 of GlcNAc unit, while that signal occurring at 4.80 ppm is due to the hydrogen (H1) bonded to the anomeric carbon (C1) \[[@B46-pharmaceutics-10-00245]\]. The average degree of deacetylation of chitosan was calculated from its ^1^H NMR spectrum by taking into account the intensity of the signals due to methyl hydrogens from acetamido groups (2.0 ppm) and due to H2--H6 of GlcN/GlcNAc units (3.3--4.0 ppm) and resulted in $\overline{DA}$ = 5%.

The ^1^H NMR spectrum of DMCh ([Figure 2](#pharmaceutics-10-00245-f002){ref-type="fig"}B) exhibits additional signals at 1.1, 1.5, 1.8, 2.5, and 3.1 ppm corresponding to the hydrogen atoms of CH3, CH2, CH2 (β), and CH2 (α) moieties of myristoyl group. The peaks at 3.2--4.2 ppm refer to the hydrogens H3--H6 from the GlcN unit and the hydrogen bonded to C2 of the GlcNAc unit \[[@B37-pharmaceutics-10-00245]\]. The $\overline{DS}$ of DMCh was calculated from ^1^H NMR spectrum, as described in the [Section 2.5.2](#sec2dot5dot2-pharmaceutics-10-00245){ref-type="sec"}, and resulted in $\overline{DS}$ = 6%. As a consequence of quaternization of DMCh, the ^1^H NMR spectrum of DMCat ([Figure 2](#pharmaceutics-10-00245-f002){ref-type="fig"}B) showed signals at 4.0 ppm and 4.2 ppm assigned to the methyl hydrogens of N^+^(CH~3~)~3~ and methylene hydrogens of NHCH~2~, respectively, which were due to the introduction of the substituent on the chitosan chains. Additionally, the signals of the hydrogens H3--H6 from GlcN unit and the hydrogen bonded to C2 of GlcNAc unit shifted from 3.2--4.2 ppm to 4.4--4.9 ppm upon the chemical modification of DMCh. The signals at 5.6 ppm and 5.7 ppm are ascribed to the hydrogen bonded to the anomeric carbon of unsubstituted and substituted GlcN units, respectively. The $\overline{DQ}$ was calculated from the corresponding ^1^H NMR spectrum by using Equation (2) and resulted in $\overline{DQ}$ = 34.7%. The average degree of quaternization of DMcat was also determined from conductometric titration and resulted in $\overline{DQ}$ = 36%, thus demonstrating a good agreement with that calculated from the ^1^H NMR spectra.

3.2. Critical Aggregation Concentration {#sec3dot2-pharmaceutics-10-00245}
---------------------------------------

The critical aggregation concentration (CAC) was evaluated with the conductivity measurements of sample aqueous solutions of DMCh and DMCat at different concentrations, resulting in CAC values of 8.9 × 10^−3^ mg/mL \[[@B37-pharmaceutics-10-00245]\] and 9.38 × 10^−6^ mg/mL, respectively. The CAC result of the DMCat sample was calculated from the data shown in [Figure 3](#pharmaceutics-10-00245-f003){ref-type="fig"}; the result related to the DMCh sample is presented in a previous work \[[@B37-pharmaceutics-10-00245]\]. It is also important to note that each polymer was solubilized in a different aqueous medium, according to its solubility, because the aggregation behavior of the polymers was evaluated depending on their solubility as a function of the polymer concentration, thus enabling quantification of the dilution limit that each system presents until its aggregation occurs. When it came to evaluating the stability of micellar systems, the CAC of the polymer was extremely important, as it was possible to know the minimum concentration required of the amphiphilic polymer to obtain stable micelles \[[@B18-pharmaceutics-10-00245]\]. Therefore, the ability of the micelles to withstand the dilution is described in terms of their thermodynamic stability and micelles with low CAC values can be maintained in a more dilute solution, and therefore, thermodynamically more stable \[[@B58-pharmaceutics-10-00245]\]. A previous study \[[@B37-pharmaceutics-10-00245]\] on the physical chemical properties of DMCh evidenced its lower CAC as compared to non-polymeric surfactants, showing that the former was thermodynamically more stable as the micelles are formed and kept stable in more dilute solutions \[[@B58-pharmaceutics-10-00245]\]. In the same sense, taking into account that the CAC value of DMCat was much lower as compared to that of DMCh, the former system was able to form micelles at more dilute solutions, evidencing its higher stability as compared to DMCh \[[@B59-pharmaceutics-10-00245],[@B60-pharmaceutics-10-00245]\]. DMCat derivative was more stable than the DMCh, a fact that can be explained by the permanent positive charges present in the DMCat, as these charges prevent agglomeration of the micelles by the effect of electrostatic repulsion \[[@B37-pharmaceutics-10-00245],[@B49-pharmaceutics-10-00245]\].

3.3. Drug Encapsulation Efficiency {#sec3dot3-pharmaceutics-10-00245}
----------------------------------

The encapsulation efficiency (EE) of curcumin in the micellar systems of the DMCh and DMCat derivatives was evaluated through UV spectroscopy. The quantification was performed through the indirect method, from the no-encapsulated CUR contained in the supernatant. The EE values were calculated from the equation of the line obtained from the analytical curve and the results are presented in [Table 1](#pharmaceutics-10-00245-t001){ref-type="table"}. According to the data in [Table 1](#pharmaceutics-10-00245-t001){ref-type="table"}, both micellar systems presented high EE values. However, DMCh micelles had higher EE values when compared to DMCat. This difference may have occurred due to the difficulty of CUR crossing the barrier of positive charges as a consequence of the electronsteric effect. In addition, it was observed that all systems remained stable, with no formation of larger particles and/or particles precipitation.

3.4. Particle Size and Surface Charge {#sec3dot4-pharmaceutics-10-00245}
-------------------------------------

In case of DMCh micelles, the mean diameter of the micelles varied from 281 nm to 386 nm and from 231 to 372 nm, in case of DMCat micelles ([Table 1](#pharmaceutics-10-00245-t001){ref-type="table"}). CUR-loaded micelles presented lower values than empty micelles ([Figure 4](#pharmaceutics-10-00245-f004){ref-type="fig"}), probably due to a contraction of the micelles in the presence of the drug, caused by the greater interaction between the hydrophobic groups pertaining to the core of the micelles and the drug \[[@B37-pharmaceutics-10-00245]\]. However, the micelles with higher CUR encapsulation reached a limit, which in turn resulted in the expansion of the volume of the micelles to accommodate a larger amount of CUR and hydrophobic groups inside. The same behavior was observed for the micelles of DMCat, showing that the hydrophobic groups present in both micellar systems have a direct influence on the size of the micelles. Therefore, from the mean diameter results it can be stated that such micelles were promising for delivery of hydrophobic drugs via oral administration.

Zeta potential of the micelles were also evaluated and according to the data presented in [Table 1](#pharmaceutics-10-00245-t001){ref-type="table"}, loaded and empty micelles had high positive zeta potential values (\> +28 mV), regardless of whether they were made up of DMCh or DMCat. In the case of DMCh micelles, the net positive charge at the micelles surface was due to the high content of amine groups pertaining to GlcN units, which were converted to ammonium groups when the polymer was dissolved in acid medium \[[@B48-pharmaceutics-10-00245]\]. In contrast, the surface of DMCat micelles had permanent positive charges regardless of the pH of the medium because of the presence of quaternized nitrogen atoms pertaining to the substituent groups *N*-(2-hydroxy)-propyl-3-trimethylammonium.

The zeta potential values of the empty and loaded micelles were slightly different. It was observed that the DMCh micelles showed an increase of the zeta potential with increase of the CUR loading. This behavior can be attributed to the fact that the formation of the micelles occurred by association of the hydrophobic moieties of the polymer chain to constitute the micelle core, while the hydrophilic portions of the positively charged polymer were exposed to the aqueous medium, i.e., the latter was predominantly located on the surface of the micelles. On the other hand, it was observed for DMCat micelles a small decrease on zeta potential values, which may be justified by the micelles surface, probably containing hydrophobic moieties, as well as a certain fraction of hydrophilic groups may be located in the micelles nuclei, varying the zeta potential in a narrow range. Thus, the high density of permanent positive charge in the hydrophilic shell of the micelles contributes strongly to stabilize them and also favors the interactions of the micelles with the negatively charged cell wall, resulting in the greater absorption and penetration of CUR.

According to the literature, formulations with PdI values ≤0.3 are representative of monodisperse systems \[[@B61-pharmaceutics-10-00245],[@B62-pharmaceutics-10-00245]\]. From the PdI results of both micelles, it was possible to observe values ranging from 0.21 to 0.66 ([Table 1](#pharmaceutics-10-00245-t001){ref-type="table"}), indicating that the systems did not present a monodisperse distribution. This fact can be justified by the non-uniform distribution of the acyl groups added to the chitosan chains, because it was a derivative from a heterogeneous reaction, which lead to the block distribution of the substituent groups. However, the values obtained were in agreement with the results obtained in the literature for chitosan derivatives \[[@B48-pharmaceutics-10-00245],[@B63-pharmaceutics-10-00245],[@B64-pharmaceutics-10-00245],[@B65-pharmaceutics-10-00245]\].

3.5. Cytotoxicity Assay {#sec3dot5-pharmaceutics-10-00245}
-----------------------

The in vitro cell viability studies were carried out with Caco-2 and HT29-MTX intestinal cell lines to evaluate the biocompatibility and safety for the oral administration of the empty micelles, DMCh and DMCat, the micelles loaded with CUR, DMCh-CUR and DMCat-CUR, and free CUR. Loaded micelles were incubated during 4 h with different concentrations of drug (5 to 50 μg/mL) and the correspondent amount of empty micelles was also incubated in the same conditions. The cell viability was assessed using an MTT assay ([Figure 5](#pharmaceutics-10-00245-f005){ref-type="fig"}). According to the results shown in the [Figure 4](#pharmaceutics-10-00245-f004){ref-type="fig"}, it was observed that all the tested samples had no cytotoxic effect on both cell lines for the concentrations 5, 10, and 20 μg/mL. However, at the concentration of 50 μg/mL, it was possible to note a slight decrease on cell viability for unloaded and loaded micelles. This was more evident in the case of HT29-MTX cell line, which dropped very close to 70%. This 70% of cell viability is a threshold that was considered as the cytotoxic level, according to the ISO 10993-5 guideline \[[@B52-pharmaceutics-10-00245]\].

It is important to notice that CUR presented a cytotoxic effect for the highest concentration tested with statistical significance when compared with the unloaded and loaded micelles. This means that both micelles systems had the ability to maintain and protect the drug inside of the core, at least during 4 h, showing their potential to be used in the micelles for the release of the drug in the intestine, avoiding the apparent cytotoxicity of CUR. It was assumed based on our previous published studies, where similar chitosan micelles were able to retain and protect the drug, providing a hydrophobic drug release less than 20% after 4 h in the gastric and intestinal fluids \[[@B49-pharmaceutics-10-00245]\]. The absence of cytotoxicity from the polymers was also expected taking into account our previous work \[[@B37-pharmaceutics-10-00245],[@B49-pharmaceutics-10-00245]\]. HT29-MTX cell line showed greater sensitivity to the tested samples. However, it is known that the intestine is constituted by a small portion of these mucus-producing cells, being the majority constituted by Caco-2 cells, which presented higher cell viability levels. Taking into account these cytotoxicity results, the concentration chosen to proceed for the in vitro intestinal permeability was 20 μg/mL, since no cytotoxic effect was observed either for the free drug or for the unloaded or loaded micelles in both cell lines.

3.6. Permeability Studies {#sec3dot6-pharmaceutics-10-00245}
-------------------------

In order to evaluate the in vitro permeability estudies, non-toxic concentrations of free CUR and DMCh/DMCat loaded with CUR were selected based on cell viability results. Tests were carried out uni-directionally from the apical to the basolateral compartment. Therefore, a monoculture model consisting of Caco-2 cells was used, which represents the standard model that mimics human enterocytes. In addition, the triple co-culture model, Caco-2/HT29-MTX:Raji B was used due to be a model that better mimic the human intestine when compared to isolated Caco-2 cells, since HT29-MTX are secretory cells of mucus and Raji B cells can induce differentiation of the Caco-2 cell phenotype into M cells.

The monolayer's integrity and growth were carefully verified before the day of the experiment by measuring the TEER regularly during 21 days in order to make sure that a confluent monolayer was formed ([Figure 6](#pharmaceutics-10-00245-f006){ref-type="fig"}). As can be seen in [Figure 6](#pharmaceutics-10-00245-f006){ref-type="fig"}, Caco-2 model presented much higher TEER values compared to the triple model. These higher values were expected due to the tight junctions presented in Caco-2 cells \[[@B66-pharmaceutics-10-00245]\]. On the other hand, the triple model presented lower TEER values due to the presence of HT29-MTX. Both models presented TEER values after 21 days that supported those monolayers to be used in the permeability experiment.

TEER values before starting the experiment were about 1600 Ω/cm^2^ in the case of Caco-2 model and up to 450 Ω/cm^2^ in the case of the triple model ([Figure 6](#pharmaceutics-10-00245-f006){ref-type="fig"}). The TEER values were normalized in percentage by the value at the beginning of the experiment (time zero). The permeability profile of CUR permeated through both models was plotted as a function of time expressed in percentage and is shown in [Figure 7](#pharmaceutics-10-00245-f007){ref-type="fig"}. It is possible to observe the permeability of CUR across Caco-2 monoculture model ranged from around 15% in the case of free CUR to around 18% and 24% for DMCh-CUR and DMCat-CUR, respectively, showing that both polymers are capable of carrying CUR. However, the micellar system constituted by DMCat-CUR presented no statistical difference in terms of permeability through monoculture compared to DMCh-CUR, as the first one appeared to have a faster CUR release over time, reaching almost the same permeability after 60 min compared to the CUR permeability at 180 min. The triple co-culture model presented a permeability value in the range of 10% in case of free CUR to 16% and 19% in the case of DMCat-CUR and DMCh-CUR, respectively.

In this model, a more controlled permeability of CUR was observed over time possibly due to the presence of mucus, which may delay the transport of CUR through the intestinal barrier. In addition, and as can be concluded, there is no significative difference in CUR permeability between both micellar systems. However, for the triple model, DMCat-CUR presented a statistical significance compared with free CUR, evidencing that this system presents a greater capacity to permeate in a more controlled way through the biological barriers and to do the release of the drug.

The decrease on TEER values in Caco-2 monoculture model were in agreement with the higher permeability observed in this mode. The triple co-culture model presented lower CUR permeability values for all the samples tested and this may be due to two important factors to consider due to the complexity of evaluating different biological systems. First, TEER values presented at the end of the 21 days for the triple model presented a lower value (below 500 Ω/cm^2^) than that observed in the co-culture (above 1500 Ω/cm^2^), making it impossible to compare between the two models. Second, the presence of mucus that entrapes the free CUR avoiding their passage through the monolayer. The lower ability of the micellar systems to permeate through the biological barriers is explained by the high capacity of mucoadhesion that the polymer presents. Preliminary studies show that the DMCat sample had a mucoadhesion capacity greater than the chitosan \[[@B67-pharmaceutics-10-00245],[@B68-pharmaceutics-10-00245],[@B69-pharmaceutics-10-00245]\], due to the permanent charges present in the polymer chain (DMCat), emphasizing the importance of electrostatic forces for the establishment of interaction with the biological substrate. The effect of mucoadhesion is responsible for maintaining the DMCat-CUR system on the surface of the biological barrier, allowing the release of the sustained release of the drug over time, and in this case, the release of the drug occurs through degradation of the carrier or by diffusion through the polymeric wall. In the process of degradation are involved lysozyme and/or *N*-acetyl-beta-[d]{.smallcaps}-glucosaminidase (NAGase), which are enzymes present in the human body, capable of performing the hydrolysis of 1,4-beta-linkages between *N*-acetyl-[d]{.smallcaps}-glucosamine, a constituent of polymer chains of chitosan derivatives \[[@B67-pharmaceutics-10-00245],[@B70-pharmaceutics-10-00245],[@B71-pharmaceutics-10-00245]\]. Perhaps, a longer experiment would be necessary to verify if CUR release from DMCat-CUR and subsequent CUR permeation would increase with time. Still, DMCat-CUR presented a more sustained and higher CUR intestinal permeability, which according to the previous results, demonstrate this system as a potential CUR intestinal delivery system.

4. Conclusions {#sec4-pharmaceutics-10-00245}
==============

Modification of the derivative 3,6-*O*,*O*′-dimyristoyl chitosan by the addition of quaternary groups was conducted to improve the solubility of the promising system to carry hydrophobic drugs; it was successfully performed. The presence of the permanent positive charges in the DMCat derivative allowed the solubilization of the polymer over a wide pH range. In addition, the characteristics of this polymer allowed the recognition thereof by the immunological system, thus facilitating its passage through the biological barriers, allowing the circulation of the polymer charged with a hydrophobic drug of interest.
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![The synthesis of *N*-(2-hydroxy)-propyl-3-trimethylammonium,*O*-mysristoyl chitosan.](pharmaceutics-10-00245-sch001){#pharmaceutics-10-00245-sch001}

![(**A**) Infrared spectra of chitosan, (**B**) DMCh, and (**C**) DMCat.](pharmaceutics-10-00245-g001){#pharmaceutics-10-00245-f001}

![(**A**) ^1^H nuclear magnetic resonance (NMR) spectra of chitosan, (**B**) DMCh, and (**C**) DMCat in solution D~2~O/HCl 1% (*v*/*v*) acquired at 80 °C.](pharmaceutics-10-00245-g002){#pharmaceutics-10-00245-f002}

![Graphic of specific conductivity versus function of logarithm concentration of DMCat of 1 mg/mL to 1 × 10^−6^ mg/mL. DMCat sample solubilized in water.](pharmaceutics-10-00245-g003){#pharmaceutics-10-00245-f003}

![(**A**) the particle size, zeta potential, and encapsulation efficiency of micelles DMCh-CUR and (**B**) DMCat-CUR with different drug concentrations.](pharmaceutics-10-00245-g004){#pharmaceutics-10-00245-f004}

![Cell viability of DMCh, DMCat, DMCh-CUR, DMCat-CUR, and free CUR against Caco-2 (**left**) and HT29-MTX (**right**) cell lines, respectively, at CUR concentrations between 5 and 50 μg/mL after 4 h of incubation. Values were reported as mean ± SD (*n* = 4). \*\* *p* \< 0.01 and \*\*\*\* *p* \< 0.0001 denotes a significant difference when compared with free CUR.](pharmaceutics-10-00245-g005){#pharmaceutics-10-00245-f005}

![Transepithelial electrical resistance (TEER) values (Ω/cm^2^) monitored in function of time during the 21 days of culture on Transwell™ membranes for Caco-2 monoculture model and Caco-2/HT29-MTX:Raji B triple co-culture model.](pharmaceutics-10-00245-g006){#pharmaceutics-10-00245-f006}

![In vitro permeability profile of DMCh-CUR, DMCat-CUR, and free CUR across Caco-2 monoculture model (**left**) and across Caco-2/HT29-MTX:Raji B triple co-culture model (**right**) expressed in percentage. All experiments were conducted from the apical to basolateral compartment in 1% (*v*/*v*) DMSO in HBSS at 37 °C. Error bars represent mean ± SD (*n* = 3) and \* *p* \< 0.05 denotes a significant difference between DMCat-CUR and CUR.](pharmaceutics-10-00245-g007){#pharmaceutics-10-00245-f007}
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###### 

Size, polydispersity index, zeta potential, and encapsulation efficiency of DMCh and DMCat micelles.

  Drug (μg)   Micelles--CUR                                                                                  
  ----------- --------------- ------------- ------------- ------------ ---------- ------------- ------------ ------------
  0           356 ± 21        0.53 ± 0.03   32.1 ± 4.4    \-           343 ± 19   0.21 ± 0.02   34.0 ± 0.8   \-
  50          289 ± 17        0.49 ± 0.04   42.5 ± 2.1    92.7 ± 0.8   268 ± 43   0.62 ± 0.01   30.5 ± 1.2   100 ± 0.5
  100         281 ± 38        0.44 ± 0.04   49.1 ± 0.2    81.8 ± 1.0   231 ± 15   0.66 ± 0.02   28.8 ± 1.0   73.8 ± 1.0
  150         386 ± 168       0.44 ± 0.16   46.6 ± 4.12   80.9 ± 0.9   372 ± 23   0.49 ± 0.03   33.0 ± 1.5   68.6 ± 0.9

Size ^1^, polydispersity index ^2^, and zeta potential ^3^ were determined by carrying out dynamic light scattering measurements. Encapsulation efficiency ^4^ of curcumin (CUR) in percentage. Values were reported as mean ± SD (*n* = 3).
